This paper describes a straightforward single-step method for the preparation and decoration of gold nanoparticles with a poly(N-isopropylacrylamide) (PNIPAM) shell in a water solution. This methodology is based on catechol redox and adhesion properties. PNIPAM containing a catechol ended group is used in water as both a reducing agent of HAuCl 4 and a capping agent of the resulting gold nanoparticles. Polyhedral gold nanoparticles are obtained at pH=11.6. However, branched gold nanoparticles are obtained at a neutral pH. This strategy for generating gold nanoparticles coated with a PNIPAM shell, especially branched gold nanoparticles, is a surfactantfree method, in particular cetyltrimethylammonium bromide, which is widely employed in the generation of branched gold nanoparticles and many toxicity concerns have been raised about its use. Nowadays, one of the topics on which gold nanoparticle research is focused, is the use of branched gold nanoparticles and their modification with a polymer shell to be employed in surface enhanced Raman scattering (SERS) detection. The branched gold nanoparticles coated with a PNIPAM shell described here present a high colloid stability in water and are used in the direct SERS detection of pyrene in water solution allowing the pyrene SERS detection at a concentration of 0.13 µM.
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Introduction
Gold nanoparticles display a strong absorption band in the UV-visible-NIR light region; the physical origin of this phenomenon is the collective oscillation of the conduction-band electrons induced by the interacting electromagnetic field, the so-called localized surface plasmon resonance (LSPR). The gold nanoparticles optical response is strongly dependent on the size, shape and dielectric properties of the medium. 1 This feature makes gold nanoparticles greatly interesting to applications of different fields such as electronics, 2 photonics, 3 biomedicine (photo thermal therapy) 4 and sensing 5 .
The design of gold nanoparticles coated with a specific polymeric material can combine unique optical properties of the metallic core with the properties of the polymeric layer. The adsorption of polymers onto the gold particles can affect the LSPR properties, 6 as well as the stability of colloidal suspension. 7, 8 The ability to tune the organic outer layer broadens the technological application capacity of these hybrid materials. In particular, modifications to be applied in sensing 9 or surface-enhanced Raman scattering (SERS) 10, 11 are examples of applications where gold nanoparticles are receiving increasing attention.
SERS is a powerful spectroscopy technique based on the strong increase of the Raman signals of molecules which have been attached to nanometer sized metallic structures. [12] [13] [14] One of
In the present work, the catechol redox chemistry was selected to prepare and functionalize in a straightforward manner gold nanoparticles with a PNIPAM shell in water. PNIPAM containing a catechol group in its structure is synthesized by atom transfer radical polymerization (ATRP) by using an ATRP initiator prepared by dopamine modification. This polymer was characterized and used to form gold nanoparticles decorated with PNIPAM (Au@PNIPAM NPs) in water in the same step and in the absence of any surfactant or reducing agent. Thus, the present strategy can be considered an environmentally friendly process. Different experimental conditions were studied in the preparation of the gold nanoparticles. Not only the size of Au@PNIPAM NPs could be controlled, but their morphologic characteristic could also be tailored from polyhedral to branched nanoparticles. The potential of these Au@PNIPAM NPs in the SERS detection of pyrene was corroborated.
Experimental

Synthesis of the initiator 2-bromo-N-[2-(3,4-dihydroxyphenyl)ethyl] isobutyryl amide.
The synthesis of the ATRP initiator based on dopamine was performed using a similar method described elsewhere. 49 Briefly, a 250 mL round-bottomed flask was charged with borax (Na 2 B 4 O 7 ·10H 2 O, 3.83 g, 10 mmol) and 100 mL water. The solution was degassed with argon for 30 min, and then dopamine HCl (1.9 g, 10 mmol) was added. The reaction mixture was stirred for 15 min and the pH was adjusted to 9-10 with Na 2 CO 3 aqueous solution (3.99 g, 32 mmol). The resulting solution was cooled down in an ice bath, and 2-bromoisobutyryl bromide (1.6 mL, 2.34 g, 10 mmol) was added drop-wise via a syringe. After that, the reaction mixture was allowed to reach room temperature and stirred for 24 h under argon, maintaining the pH of the solution at 9-10 during the reaction. Then, the mixture was acidified to pH = 2 with a 6 M HCl aqueous solution and extracted with EtOAc (3 × 100 mL). The organic extracts were dried over MgSO 4 , and the filtered solvent was evaporated under reduced pressure to give a brown liquid. The crude product was purified by silica gel column chromatography (4% MeOH in CHCl 3 ) to give a white solid (yield 60 %). 
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after 30 seconds by changing the solution from colorless to red. The mixtures were stirred for 30 min and after that the unattached polymer was removed by iterative centrifugation (12000 rpm) and subsequent re-suspension steps, at least four times.
To study the importance of pH in gold nanoparticle formation, 200 mL of catechol-PNIPAM (0.22 g/ml) in ultrapure deionized water were added to 2 mL of deionized water at two different pH values (7.0 and 11.6) and maintained under stirring during 1 min. After that, 50 µL of HAuCl 4 (0.0138 M) were added. After 120 seconds the color changed to blue when the pH of solution was adjusted at 7.0 while the color turned red at pH=11.6. The effect of the HAuCl 4 concentration was also studied at pH=7 (see Table 1 ). 
Surface-Enhanced Raman Scattering (SERS). Samples for "average SERS" were prepared by adding 10 µL aliquots of pyrene in EtOH to 0.5 mL of a colloidal suspension at pH 7.0 of Au@PNIPAM7 NPs in water (6.9×10 -4 M in gold). The final pyrene concentration ranges from 1×10 -7 M to 1×10 -4 M. After 30 min stirring at room temperature to allow for the thermodynamic equilibrium to be reached, the mixture was treated at 55 ºC under stirring for 5 min in order to remove the maximum amount of EtOH. The loss of water was taken into account in order to keep the initial concentration of gold nanoparticles constant. Average SERS was directly recorded from these suspensions.
Results and Discussion
The present work describes the direct preparation and functionalization of gold nanoparticles with a PNIPAM shell, Au@PNIPAMx NPs (where x refers to the preparation conditions, see Table 1 ).
This approach is based on both the adhesion and redox activity in water of the catechol group 46, 47 contained in a PNIPAM chain. This methodology presents many advantages such as: (i) the direct preparation and functionalization of gold nanoparticles with either polymer or catechol-based molecules; (ii) it takes place in water; (iii) it is a surfactant-free method unlike other methods reported in literature; (iv) it allows control over the polymer surface because the polymer is designed according to the desired application and is characterized prior to the preparation of gold nanoparticles and (v) it allows the size and morphology of gold nanoparticles to be changed. The experimental work consists of two steps. The first one involves the design of the PNIPAM chain with a catechol group at its end (catechol-PNIPAM). During the second step, the direct gold formation in water in the presence of catechol-PNIPAM, which acts as a reducer and capping agent, takes places.
Synthesis of catechol functional PNIPAM (catechol-PNIPAM).
On the other hand, the catechol group stability in water depends on the average pH value. At basic pH (pH≥8.5) in the presence of oxygen, it initially starts suffering an oxidation process and the catechol group is transformed to a quinone. 53 UV spectra of catechol-PNIPAM in water (at pH=7)
showed only a band centered at 280 nm indicating no oxidation of the hydroxyphenol groups.
However, a new broad band at wavelengths longer than 300 nm appeared for catechol-PNIPAM in water at pH=11.6 indicating the presence of oxidized species (spectra not shown). Consequently, the reducing agents that react with HAuCl4 are different depending on the pH value. Therefore, the pH influence on the characteristics of the resulting Au@PNIPAMx NPs was analyzed. To do this, Au@PNIPAMx NPs were prepared at pH 7 and 11.6.
We will now discuss the preparations carried out at a basic pH. The direct gold nanoparticle formation and functionalization by a PNIPAM shell was achieved by simply mixing aliquots of aqueous solutions of PNIPAM (0.22 g/mL) and HAuCl 4 (13.8 mM) in a water solution at pH =11.6
under stirring at room temperature. Different HAuCl 4 /PNIPAM molar ratios were studied (Table 1 ). In order to study the pH influence on the formation of Au@PNIPAMx NPs, the preparation was carried out at pH=7 with a ratio HAuCl 4 /PNIPAM= 0.30. The obtained nanoparticles were compared with those prepared at pH=11.6 with the same ratio, Au@PNIPAM2 NPs. Figure 3 Page 11 of 26 RSC Advances
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illustrates the TEM images of gold nanoparticles synthesized at both pH values. The most notable observation was when preparation was carried out at a neutral pH, when branched gold nanoparticles were obtained. These branched nanoparticles presented larger sizes, ca. 70 nm, than those obtained at a basic pH value (ca.10 nm). This is not an exceptional case as the preparation of branched gold nanoparticles by using hydroxyphenol derivatives in water has been reported elsewhere. 46 But to the best of our knowledge, it is the first example in literature using catechol redox chemistry where gold nanoparticles are prepared in situ and functionalized with a PNIPAM shell and their morphologic characteristics (from polyhedral to branched nanoparticles) are changed by simply controlling the pH value of the preparation medium. A plausible reaction mechanism for the generation of these branched structures base on UV-vis kinetic studies was proposed. 46 It was considered that the formation of the branched nanoparticles occurred in two steps. Firstly, the catechol groups would release electrons to Au (III) ions generating gold nanoparticle seeds and converting themselves into quinone groups. In the second step, the quinone groups which are considered less reductive species could induce the growth of branches on the gold nanoparticle seeds during a self-polymerization process.
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The increase of the HAuCl 4 /PNIPAM molar ratio at pH=7 also increases the size of the branched nanoparticles, like the preparation carried out at pH=11.6, Figure 4 . Figure 6B demonstrates that the increase in temperature led to a slight decrease of the hydrodynamic diameter, which could be explained in terms of a progressive collapse of the PNIPAM shell. This collapse was ca. 3 nm and 4 nm for Au@PNIPAM1 NPs and Au@PNIPAM2
NPs, respectively. This shell collapse was not followed by an aggregation process. Similar behavior in terms of the aggregation absence with an increase in temperature for gold nanoparticles modified with a PNIPAM shell was reported in literature. 55 It was explained under the consideration that the nanoparticles presented very slow kinetics of aggregation.
It is well-known that the width and position of the localized surface plasmon resonance (LSPR)
band are usually strongly dependent on factors such as the size and shape of the nanoparticle, the state of aggregation, the dielectric features of the metal from which the nanoparticle is composed, and the dielectric properties of the local environment in which the nanoparticles are embedded. 1, 18 Figure 7A illustrates the photograph of two nanoparticle solutions of Au@PNIPAMx synthetized at both pH= 11.6 and pH= 7. In contrast to the characteristic red color of gold nanoparticles obtained at pH=11.6, the colloidal solution of the branched gold nanoparticles is blue. The LSPR spectra for the different samples are shown in Figure 6 . The series Au@PNIPAM1 to Au@PNIPAM5 NPs were characterized by the typical LSPR band ( Figure 7B ) and its position is also sumarized in Table   1 . The optical response of branched gold nanoparticles has been established to be governed by LSPR modes confined in the tips and the core of the particles. 24 The branched nanoparticles obtained at pH=7 presented a broader LSPR band whose position was 100 nm red-shifted, (see 
SERS pyrene detection
Branched gold nanoparticles are very interesting in SERS because under excitation with a suitable laser, the core acts like a plasmonic nanoantenna, while the tips concentrate the electromagnetic experimental setup was not achieved for pyrene concentrations lower than 5×10 -3 M. The SERS detection limit should be at least one order of magnitude lower than the values described in literature. 
Conclusions
The redox properties of cathecol groups in water permitted the direct formation of gold nanoparticles and their functionalization with a PNIPAM shell in water in one step. This method
